Background: Exclusive two-nucleon knockout after electroexcitation of nuclei (A(e, e N N ) in brief) is considered to be a primary source of information about short-range correlations (SRC) in nuclei. For a proper interpretation of the data, final-state interactions (FSI) need to be theoretically controlled.
I. INTRODUCTION
Nuclear SRC are an essential ingredient of the dynamics of nuclei at large momenta and energies. The short-and medium-range components of the nucleon-nucleon interaction induce beyond mean-field high-momentum and highdensity fluctuations in the nuclear medium, thereby giving rise to fat tails in the nuclear momentum distributions [1] [2] [3] . The magnitude of nuclear SRC has been linked to plateaus in ratios of cross sections of inclusive electron scattering off different nuclei [4] [5] [6] , and to the size of the EMC effect [7] .
Nuclear SRC can be studied in exclusive two-nucleon knockout processes with hadronic and electroweak probes. In appropriately selected kinematics, those reactions give access to the dynamics and isospin composition of the initial nucleon pair. In the 1990s, high-resolution A(e, e pp) measurements carried out at MAMI [8, 9] and NIKHEF [10] [11] [12] could determine the transition to a specific final state of the residual A − 2 nucleus. When comparing to data for the 16 O(e, e pp) transition to the 0 + ground state of 14 C, model calculations [13] [14] [15] showed the clear dominance of SRC contributions to the cross section at low c.m. pair momentum, where the initial pair is in a relative S-state. The EVA collaboration at Brookhaven National Laboratory (BNL) measured the 12 C(p, ppn) reaction [16] as a function of the initial neutron momentum. For neutron momenta above the Fermi surface (∼ 220 MeV) the data showed a clear angular correlation between the initial proton and neutron momenta with backward angles (> 90 • ) dominating. For momenta below the Fermi surface the angular correlation between the two nucleon momenta is almost random. This picture was later confirmed by a 3 He(e, e pp) experiment performed in Jefferson Lab [17] . More recently, 12 C(e, e pN ) [18, 19] and 4 He(e, e pN ) [20] measurements (both at Jefferson Lab) provided proof that in the probed kinematics about 20% of the nucleons in nuclei form correlated pairs. Of those, about 90% is of the proton-neutron type [21] , illustrating the dominance of tensor correlations in the nucleon momentum region of 300-500 MeV/c. A feature that emerges from all those experimental investigations, is that SRC pairs are mostly in a back-to-back configuration with a high relative and small c.m. momentum, whereby small and large are defined relative to the Fermi momentum.
In this paper we focus on the effect of FSI in SRC-driven high-virtuality A(e, e pN ) cross sections. In Sec. II, we discuss the approximations underlying the factorized form of the A(e, e pN ) cross section (detailed in Ref. [22] ) and how we implement the FSI. Using the factorized A(e, e pN ) cross-section expression, we show in Sec. II C that crosssection ratios can be directly related to the ratios of the integrated distorted two-body c.m. momentum distributions of close-proximity nucleon pairs. In Sec. III, we apply the developed model to four different target nuclei ( 12 C, 27 Al, 
II. MODEL
A. Factorization of the A(e, e pN ) cross section
We consider exclusive electroinduced knockout of a correlated proton-nucleon (pN ) pair from the target nucleus A e + A → e + (A − 2)
In this paper we solely deal with reactions whereby the residual (A − 2) * is left with little or no excitation energy.
This condition is essential for keeping the number of contributing reaction mechanisms under control.
Let ( k 1 , k 2 ) and ( p 1 , p 2 ) be the initial and final three-momenta of the nucleon pair. We label the struck proton with "1" and the recoiling nucleon with "2". In the impulse approximation, in which the exchanged momentum is absorbed by a single nucleon, we have that p 1 = k 1 + q with q the transferred three-momentum of the virtual photon ( Fig. 1) . We define the c.m. P 12 and relative momentum k 12 of the initial pair as,
The corresponding c.m. and relative coordinates are denoted by R 12 and r 12 .
By selecting events with a large | q | (large in comparison to the initial momenta ( k 1 , k 2 ) of the nucleon pair) and requiring that one of the measured nucleons carries a significant fraction of the exchanged momentum | q |, the contribution from the exchange term in which nucleon "2" absorbs the photon can be made negligible. Indeed, above the Fermi momentum, the k 12 distribution of the pairs is strongly decreasing with increasing | k 12 | [22, 23] . This makes it highly unlikely that the fast nucleon in the final state is not the one that absorbed the virtual photon.
As outlined in Refs. [22, 24] , in kinematics probing SRC pairs, it is possible to factorize the A(e, e pN ) cross section in a product of a function depending on the relative momentum k 12 , and a part depending on the c.m. momentum [25, 26] , and compare them with the theoretical predictions [22] . Another striking prediction of the expression (3) is that the A(e, e pN ) cross section is proportional to the number of close-proximity pN pairs in the target nucleus. As a result, it can be inferred that the A dependence of the A(e, e pp) cross section is much softer than naive FSI-corrected Z(Z − 1)/2 counting. Recent measurements of the A(e, e pp)/ 12 C(e, e pp) ratios are completely in line with those predictions [27] . The measured and predicted 208 Pb/ 12 C (e, e pp) cross section ratio, for example, is a mere five whereas the naive prediction is over two hundred.
B. Final-state interactions
We include two FSI mechanisms in our model. First, attenuation (ATT) of the outgoing nucleons upon traversing the recoiling nucleus. Second, single-charge exchange (SCX), i.e. an outgoing proton (neutron) rescattering into a neutron (proton). The attenuation effect is calculated in the relativistic multiple-scattering Glauber approximation (RMSGA) [28, 29] . The RMSGA is based on high-energy diffractive scattering. It uses an eikonal form for the rescattering amplitude dominated by the central term, neglecting spin-dependent attenuation. The RMSGA is fully parameterized in terms of nucleon-nucleon scattering data. We systematically use "FSI" upon referring to the combined effect of attenuation and single-charge exchange. Throughout this paper, we refer to A(e, e pN ) results that ignore the effect of FSI as "ZRA" results. 
Here, u( k, s) is the positive-energy free Dirac spinor and (ψ α , ψ β ) are relativistic mean-field wave functions with IPM quantum numbers (α, β) computed in the Serot-Walecka model [30] . The contribution from a specific IPM nucleon pair with quantum numbers (α, β) is denoted as F The SCX mechanisms are treated in a semi-classical manner. The joint probability for the struck proton, labelled "1", undergoing SCX while the recoiling nucleon of the SRC pair, labelled "2", is not undergoing any SCX, is given by
As in Eq. (5), the sum over (α, β) extends over all the occupied pN pairs. Further, the square bracket [1] identifies the nucleon subject to SCX. In Eq. (6), the probability that an initial nucleon with quantum numbers α (with correlated partner with quantum numbers β) has undergone a SCX after a hard interaction at c.m. coordinate R 12
is given by P CX,A ), both nucleons in the pair are subject to SCX (P [12] ,pN CX,A ) or none of the nucleons in the pair are subject to SCX (P 12,pN CX,A ). In those situations, the factor P
CX ( R 12 ) in the numerator of Eq. (6), is replaced by respectively the factor 1 − P
CX (R 12 ), and ( R 12 ) are calculated in a semi-classical approximation. Thereby, the probability of charge-exchange rescattering for a nucleon with bound-state IPM quantum numbers α that is brought in a continuum state at the coordinate r is modelled by
The z-axis is chosen along the direction of propagation of the nucleon undergoing SCX ([α]). The ρ αβ A−2 is the onebody density of the recoiling A − 2 nucleus that contributes to the SCX reaction. For an ejected proton (neutron) only the neutron (proton) density of the recoiling nucleus affects SCX reactions. The parameter σ CX (s) in Eq. (7) can be extracted from elastic proton-neutron scattering data [31] , with s the total c.m. energy squared of the two nucleons involved in the SCX. In Ref. [32] , it was shown that σ CX (s) obeys the relation
where s 800 is the c.m. energy squared for a collision between a neutron with 800 MeV kinetic energy and a stationary proton. The value 0.424 fm 2 is obtained by integrating the elastic pn differential cross section with s=s 800 at backward scattering angles dominated by charge-exchange [31] . The parameterization of Eq. (8) is valid for lab frame momenta in the interval [0.1, 100] GeV/c.
In Eq. (6), the weight factor F pN,D;αβ A ( R 12 ) gives the attenuation corrected probability to find a pair (α, β) at a coordinate R 12
Note that F in Fig. (3) . Because we only account for single-charge exchange, the SCX arrows can only be used at most once for each particle in every path, meaning P ) are neglected as we assume that the struck nucleon is a proton. We argue that this is a valid approximation. First, the photon-neutron coupling is a fraction of the photon-proton one. Second, an SCX reaction is a necessary condition to end up with a leading proton in the final state. We find that those SCX probabilities are very small (Sec. III).
C. A(e, e pN ) cross-section ratios
Most often, it is extremely challenging to measure A(e, e pN ) cross sections. A lot of information regarding nuclear SRC has been obtained by measuring cross-section rations over extended ranges of the phase space [4, 5, 21, 25, 27] .
Using the factorized form of the differential cross section from Eq. (3), one can investigate A(e, e pN ) cross-section ratios relative to 12 C. Let R pN A (R pN A ) be the cross-section ratios with (without) the inclusion of FSI,
The σ pN A denotes the FSI-corrected A(e, e pN ) cross section. The cross-section ratios are independent of the information contained in the photon-nucleon coupling σ epN ( k 12 ). Therefore, we use cross-section ratios to quantify the effect of SRC as those are less model dependent. A denotes the A(e, e pN ) cross section in the limit of vanishing FSI. It is well established that the tensor correlation [3, 19] induces a heavy dominance of SRC pn pairs over SRC pp pairs. This dominance is not automatically generated in the ZRA without introducing additional assumptions with regard to the dynamical mechanisms underlying the SRC. The pn-over pp-pair dominance can be included for nucleus A using the measured pn/pp pair ratio (18 ± 5) in 12 C [19] , in the following way
The exchanged photon can couple to both protons in a pp pair and to one in a pn pair leading to the factor 2 in the denominator of Eq. (11). The expressions for the FSI-corrected cross-section ratios, R pN = σ pN A / σ pN 12 C , are then given by (see Fig. 3 )
Here, σ pN A is the FSI corrected A(e, e pN ) cross section. The first term in the numerator and denominator consists of the A(e, e pp) cross section (σ 
In the ZRA, the nuclear A(e, e pN ) transparency T pN A can be calculated as,
Here, F pN A ( P 12 ) is the c.m. momentum distribution in the limit of vanishing attenuation (F RMSGA ≡ 1 in Eq. (5)). We stress that the transparency depends on the sampled phase space, i.e. the integration volume of P 12 in Eq. (14) .
In estimating the attenuation effect for the SCX contribution we use the averaged transparency T 
The 12 C(e, e pn) over 12 C(e, e pp) cross-section ratio R pn pp 12 C can be extracted in the following way
Hence from Eq. (16),
The relations for R pp A and R pn A can be inverted to extract the FSI-uncorrected cross section ratios (which are proportional to the ratios of SRC prone pairs) R pp A , R pn A from the measured values for R pp and R pn [27] .
III. RESULTS
In this section we present the results of the numerical A(e, e pN ) calculations for four representative target nuclei and two representative but distinct kinematic settings. First, we apply the formalism developed in the previous section to the A(e, e pN ) reaction in the kinematics covered by the Jefferson Lab CLAS detector [21] . The latter is a "4π" detector, which results in a very large phase-space coverage. We systematically refer to this kinematics as "KinB".
Kinematics approaching a "4π" layout pose challenges for the calculations and require dedicated sampling techniques that are outlined below. After the discussion of the "4π" KinB results we present two-nucleon knockout calculations in kinematics in very narrow solid angles for all detected particles (coined "KinA").
In dealing with the KinB situation, we define a reference frame with the z-axis along the initial momentum k 1 of the proton and the exchanged photon-momentum q in the x − z plane. A two-nucleon knockout event is uniquely characterized by the set of 6 kinematical variables
Here, θ q is the direction of q relative to the z axis.
Upon numerically computing the distorted c.m. momentum distribution of Eq. (5), we generate phase space samples by drawing (x B ,Q 2 ) from the experimentally measured (x B , Q 2 ) distribution [25] . We draw the θ q and the P 12 uniformly from the relevant ranges. In order to guarantee that the virtual photon primarily probes correlated pairs a number of kinematic constraints are imposed
The first two cuts select events where the virtual photon has mainly interacted with the struck (leading) proton. The x B ≥ 1.2 cut selects events with a high | q| and relatively low ω, suppressing for example pion production through intermediate ∆ production. The last two cuts impose high-momentum conditions (larger than the Fermi momentum)
for the initial nucleon pair.
Sampling over the complete {x B ,Q 2 ,θ q , P 12 } space is computationally very demanding in the RMSGA calculations.
Therefore, we use stratified sampling on the binned plane-wave result
generate the events in phase space (see Fig. 4 for an illustration). Thereby, after calculating F pN A ( P 12 ) for a large number of events, we bin the events in the P 12 space. Next, we sample phase-space events from the bins using the bin-averaged value F ( P 12 ) of the sampled events is representative for the real bin average. Using this procedure, the integrals in Eq. (10) are determined in the following way:
with N n the number of events in the n-th bin, N s the total number of phase-space events and V P12 the considered phase-space volume in P 12 . 
and the nuclear transparency T (Table I) .
1000 samples is between 94% and 97% for all nuclei. We perform the RMSGA calculations for this sample size. From The opening angle θ 12 is defined as the angle between the two initial nucleon momenta, cos
Nucleon pairs susceptible to SRC have a high relative momentum and a small c.m momentum, reminiscent of "back-toback" motion. This causes the opening-angle distribution of SRC pairs to be biased towards backward angles. Figure 7 displays the normalized θ 12 distributions as they can be extracted from the undistorted and distorted distributions Table I ). calculated in the ZRA and ZRA+RMSGA (Eq. 6) are displayed in Fig. 8 . The RMSGA clearly diminishes the SCX probabilities. This can be understood in the following way: the events most susceptible to SCX reactions are those whereby the ejected nucleon pair traverses large distances in the recoiling nucleus. These events are most suppressed by the attenuation, causing the SCX probabilities to decrease. Table I lists the cross-section ratios R The mass dependence of the SCX probabilities for A(e, e pp) (top) and A(e, e pn) (bottom) for KinB.
CX,A is the probability that no charge exchange scattering occurs. P . T p A is the measured A(e, e p) transparency [29] .
The mass dependence of the calculated transparencies for the "4π" kinematics KinB follow a power law (T
and are displayed in Fig. 9 . Up to now we concentrated on the kinematics accessed in the experiment of Ref. [21] .
We test the robustness of our methodology by applying it to the kinematics accessed in the 12 C(e, e pp) measurements of Ref. [18] , denoted KinA. It corresponds with a very selective phase space whereby the scattered electron and leading proton are detected with two high resolution spectrometers at the fixed central angles 19. Next, we outline an alternative method to account for the mass dependence of T pN A . The transparency T p A of A(e, e p) processes can be interpreted as the probability of a single proton leaving the nucleus after virtual photon excitation.
Recent measurements [25] have confirmed that the A dependence of the T p A can be captured by the power-law A −0.33 [33] . One could naively expect that T Ref. [18] with very selective phase space.
proportional to the FSI corrected single-particle momentum distributions for specific hole states. Along similar lines, the SRC-driven A(e, e pN ) cross section is proportional to the c.m. distribution of close-proximity pairs. We find that the FSI only modestly affect the shape of the c.m. distribution, with the width of the distribution barely changing.
In essence, to a reasonable degree of accuracy, the aggregated effect of FSI for exclusive A(e, e pN ) processes is a sizeable reduction of the plane-wave cross sections. This is a remarkable result that could help to quantify the effect of two-nucleon knockout contributions to quasi-elastic neutrino-nucleus and anti-neutrino nucleus responses [34] . computer Infrastructure) and services used in this work were provided by Ghent University, the Hercules Foundation uation with the nuclear medium is calculated with the aid of a classical survival probability P ( r ). Given a nucleon brought into an energy continuum state at the coordinate r, P ( r ) is
Let r = (x, y, z) and r = (x, y, z ). The integration variable z runs along the direction of the momentum p of the outgoing nucleon. The cross section describing the scattering of the outgoing nucleon with the nuclear medium is denoted by σ. It is a measure for the aggregated effect of the attenuation. For a sphere with radius R and homogeneous density ρ the survival probability of Eq. (A1) becomes,
Here, ξ is the angle between r and e p = p p . The A(e, e N ) nuclear transparency T N A , defined as the cross section including attenuation divided by the cross section without attenuation, is
The integration d 2 Ω p covers all possible outgoing-momentum directions.
For uncorrelated two-nucleon knockout the cross section is proportional to the total number of pairs d
The attenuation-corrected cross section is obtained by including the survival probability for both nucleons, and one finds for the two-nucleon knockout transparency T
Next we investigate two-nucleon knockout in the ZRA, which serves as a proxy for identifying SRC-prone nucleon pairs. The ZRA is introduced by requiring that the initial nucleons are found at the same spatial coordinate. The cross section without attenuation is proportional to,
We find that in the ZRA the two-nucleon knockout cross section is proportional to A as opposed to A 2 in the uncorrelated case. Including attenuation gives, 
It is well established that SRC pairs prefer back-to-back motion with anti-parallel momenta of the initial nucleon pair [16, 27] . After introducing the following angular constraints in the ZRA cross sections of Eqs. A in the range [12, 208] . A power law is fitted to the numerical results T A ∝ A λ . Figure 10 displays the numerical results for the exponent λ as a function of σ. In the limit of vanishing attenuation (σ → 0) the cross section equals the plane-wave one and one has T A ≈ A 0 .
For σ > 10 fm 2 we find that the λ values approach a limit value corresponding with an extremely opaque nucleus.
In this limit one expects that the single-nucleon knockout cross section is surface dominated ∝ A 
which complies with the measured value [25, 33] . 
In the case of two-nucleon knockout in the ZRA the two nucleons originate from the same spatial coordinate. We again expect a surface dominated cross section as in the single nucleon knockout case, leading to the exponent lim σ→+∞ λ = − 1 3 . Including the additional constraint of back-to-back angles (ZRA+SRC in Fig. 10 ) will strongly favour the situation in which ( r ⊥ e p1 ⇔ r ⊥ e p2 ) ∧ (r ≈ R). When investigating the mass dependence of the transparency in the strong attenuation limit one finds (Fig. 10) ,
The cross section in the strong attenuation limit becomes independent of A. 
